The chloroplast-associated form of superoxide dismuase from maize (Zea mays L.) (SOD-i) has been purified by a stepwise procedure consisting of (NH4)2SO4 fractionation, G-100 Sephadex gel filtration, DEAE-Sephacel chromatography, and hydroxylapatite chromatography. This procedure resulted in a single band on sodium dodecyl sulfatepolyacrylamide gels indicating that the preparation is homogeneous. The holoenzyme molecular weight was estimated at 31,000 to 33,000 by gel filtration. The subunit molecular weight of this dimeric protein was estimated at 14,500 on sodium dodecyl sulfate-polyacrylamide gels. Studies involving amino acid composition analysis, immunological crossreactivity, in vitro subunit hybridizations, and H202 sensitivity indicate that SOD-i differs significantly from SOD-2 and SOD4, the other cupro-zinc forms of SOD from maize. The possible physiological role of SOD-i within the chloroplast is discussed.
between SOD-I and the cytosolic cupro-zinc SOD, it was necessary to obtain purified preparations of SOD-I. In this report, we describe a reliable procedure for the purification of the chloroplast-associated SOD ofmaize as well as some biochemical characterizations of the purified enzyme.
MATERIALS AND METHODS Materials. Xanthine oxidase, nitro blue tetrazolium, acrylamide, NN'-methylene-bis-acrylamide, Coomassie brilliant blue R-250, SDS, f-mercaptoethanol, and xanthine were obtained from the Sigma Chemical Company while hydroxylapatite was obtained from the Bio-Rad Company. Ultra pure ammonium sulfate was purchased from the Schwarz/Mann Company. All other chemicals were of reagent grade or better. The maize (Zea mays L.) inbred line W64A, maintained by our laboratory, was used for the purification experiments described in this paper.
Enzyme and Protein Assays. SOD was assayed spectrophotometrically at 25C according to the procedure described by Multiple molecular forms of superoxide dismutase (Superoxide:superoxide oxidoreductase, EC 1.15.1.1; SOD') exist in maize (Fig. 1) . In previous reports, we described the developmental expression, intracellular localization, and genetic control ofthese isozymes (4, 6, 7) . In addition, the cytosolic and mitochondrial isozymes of maize SOD have been purified and partially characterized (5) . These studies suggested that the chloroplast-associated isozyme, SOD-1, differs structurally from the other SOD isozymes of maize. SOD-I is coded for by Sod 1, a nuclear gene with two codominant alleles, SodlA and SodiB. This gene has no apparent effect on the expression ofthe other SOD isozymes. Genetically, SOD-I behaves as a dimer since plants with the genotype SodlA/SodiB exhibit a three-banded electrophoretic pattern for SOD-I on nondenaturing polyacrylamide gels. The isozyme of intermediate electrophoretic mobility is composed of both SOD-A and SOD-B subunits (7) . The cyanide sensitivity of SOD-i, SOD-2, SODA, and SOD-5 suggests that these enzymes are copper and zinc-containing SOD (1 1), a supposition which is supported by metal dialysis experiments conducted with crude extracts (5 (12, 384) . Gels were stained with Coomassie brilliant blue R-250 (125 mg Coomassie brilliant blue, 85 ml 50% methanol, 4.6 ml acetic acid) overnight prior to destaining. Nondenaturing polyacrylamide gel electrophoresis and localization of SOD activity on polyacrylamide gels were performed by procedures previously described (4, 5) . Starch gel electrophoresis was performed as described by Scandalios (23) .
Enzyme Mol Wt Determination. The mol wt (Mr) of SOD-I was determined by gel filtration using a 2.5-x 80-cm column of Sephadex G-100 equilibrated with 20 mm K-phosphate (pH 7.0), and 0.10 M KCL. BSA (67,000), ovalbumin (45,000), chymotrypsinogen (25,000), and ribonuclease A (13,700) were used as mol wt markers.
Amino Acid Analysis. The major cytosolic isozymes of maize SOD (SOD-2 and SOD-4) were purified from inbred line W64A as previously described (5) . Purified fractions obtained by this procedure were analyzed by nondenaturing polyacrylamide gel electrophoresis, SDS-polyacrylamide gel electrophoresis, and polyacrylamide gel electrophoresis in acetic acid-urea, and appeared to be free of impurities.
For amino acid analysis, duplicate lyophilized samples ofSOD protein were hydrolyzed in 0.7 ml 6 N HCG under nitrogen in 1-ml vials (Pierce Chemical Co.) at 145°C for 2, 4, and 8 h. The contents were neutralized and dried in a NaOH vacuum desiccator and analyzed with a Durrum-500 amino acid analyzer. The labile amino acids, threonine and seine, were estimated by extrapolation to zero-time hydrolysis. For the other amino acids, the estimates obtained for the 2, 4, and 8-h hydrolysis periods were averaged togetherbecause the recoveries ofeach amino acid were statistically the same for each sample (± 10%).
Immuologial Studes. Antibodies against SOD-3 and SOD-4 (5) were tested for cross-reactivity with purified preparations of SOD-I employing the Ouchterlony double-immunodiffusion technique (20) . RESULTS Purification of SOD-i. Maize kernels (500 g) were surface sterilized for 10 min in 1% NaOCI, rinsed thoroughly with deionized H20, and soaked in deionized H20 for 24 h. The seeds were grown in the dark for 5 Purity of the Isozyme Preparation. The SOD-1 preparation yielded a single protein band on nondenaturing polyacrylamide gels which coincided with SOD activity (Fig. 2> . Purified SOD-I comigrates with SOD-I obtained from crude extracts on nondenaturing gels (not shown). When treated with 10 mM (-mercaptoethanol and SDS, this isozyme yielded a single protein band on SDS-polyacrylamide gels (Fig. 2) , indicating that the preparation is homogeneous.
Mol Wt and Subunit Composition. The holoenzyme mol wt (Mr) of SOD-I was estimated to be 33,500 + 1,500 by gel filtration on Sephadex G-100 (Fig. 3) . This estimate compares well with the mol wt range of 31,000 to 33,000 calculated for SOD-2 and SOD4. The subunit mol wt (Mr) of SOD-I was determined to be 14,500 by SDS-polyacrylamide gel electrophoresis on 13.5% and 15% gels (Fig. 2) . In the absence of,Bmercaptoethanol, the mobility of SOD-1 was slightly increased in SDS gels, suggesting the presence ofintrachain disulfide bonds which affect the conformation ofthe polypeptide molecules (data not shown; 5). It was concluded that SOD-I has a mol wt of approximately 31,000 to 33,000 and is composed of two, apparently equal, subunits lacking interchain disulfide bonds. Amino Acid Composition Analysis. The amino acid compositions of SOD-1, SOD-2, and SODA are shown in Table II along with amino acid composition data for several cupro-zinc SOD purified from other eukaryotes. SOD-2 and SODA4 appear to be the most similar of the three maize isozymes, differing significantly only in their glutamic acid, threonine, and tyrosine content. SOD-I differs dramatically from both SOD-2 and SOD4 in serine, glycine, and leucine content. Similarities among all of the SOD (Table II) can be observed, reinforcing the notion that they may be evolutionarily conserved (17) . Although we have not determined tryptophan content, it is clear that cupro-zinc SOD are generally deficient in this amino acid, particularly those from plants (Table II; 3, 18, 24) . The UV absorption spectrum of SOD-1, like those of SOD-2 and SOD4, is typical of cuprozinc SOD in that there is not clear absorption maximum at 280 nm, suggesting a deficiency in tyrosine and tryptophan.
Immunological Cross-Reactivity. Antibodies raised against purified SOD4 have been found to cross-react identically with purified SOD-2, yielding fused precipitin lines on immunodiffusion plates (5) . SOD-3, the mitochondrial isozyme, resembles manganese-containing SOD and is antigenically distinct from cupro-zinc SOD, namely SOD-2 and SOD-4 (5). To determine the antigenic relationship of SOD-I to the other SOD in maize, antibodies raised against SOD-3 and SODA were tested for crossreactivity with SOD-I antigen on Ouchterlony plates. According to this analysis, SOD-I is antigenically distinct from SOD-2, SOD-4, and SOD-3 (Fig. 4, A and B) . In Vitro Subunit Hybridization. The structural distinction between SOD-I and the cytosolic cupro-zinc isozymes was further demonstrated by in vitro subunit hybridization experiments. It has been shown that subunit hybridizations of maize cuprozinc SOD occur spontaneously at 4°C (7). Thus, when SOD-2, SOD-4, and SOD-5 were incubated together overnight at 4°C, their subunits recombined to generate heterodimeric species detectable by nondenaturing polyacrylamide gel electrophoresis. Similarly, SOD-lA and SOD-lB were found to generate the heterodimer SOD-lA/SOD-lB upon mixing of crude extracts (7) . A similar analysis using purified SOD-1, showed that neither the SOD-2 nor the SODA subunit polypeptides are capable of hybridizing with the SOD-I subunit polypeptides (Fig. 5) , again suggesting that SOD-I is distinct from the other cupro-zinc SOD of maize.
H202 Sensitivity. Purified SOD-I and SOD4 were incubated at 25°C in 0.5 mM H202 in 50 mm K-phosphate buffer (pH 7.8) containing 1 mM EDTA, and assayed at regular intervals for remaining SOD activity. SODA4 was found to have a t1, of approximately 40 min, in close agreement with previous measurements of 37 min for SOD-4 and 43 min for SOD-2 (5). In contrast, SOD-I was estimated to have a t½ of approximately 80 min, twice that of the cytosolic isozymes (Fig. 6 ).
DISCUSSION
In this report, we describe a convenient procedure for the purification of SOD-1, the genetically defined (7) SOD isozyme associated with maize chloroplasts. The pure enzyme preparation appears homogeneous as judged by nondenaturing and SDSpolyacrylamide gel electrophoresis.
SOD-I behaves biochemically and genetically as a dimer and apparently requires copper for enzymic activity (5) . The protein has a holoenzyme mol wt of 31,000 to 33,000 and is composed of apparently equal subunits, not bound by interchain disulfide bonds. Its amino acid compositon is similar to those of SOD-2 and SODA and to those of other cupro-zinc SOD purified from a wide range of eukaryotic organisms (Table II; (4, 10) , an organelle in which H202 is generated during photosynthesis (1). It seems possible that the increased resistance to H202 inactivation represents an adaptation to this particular subcellular environment. The chloroplast-associated SOD ofwheat (10) has been reported to be more resistant to H202 inactivation than the corresponding cytosolic isozyme (9), again suggesting that this increased resistance to H202 inactivation has a functional significance. Asada et al. (2) suggest the possibility that chloroplastassociated SOD catalyzes the disproportionation of superoxide radicals, generated by the chloroplast upon illumination, to form H202 and 02. Therefore, it appears that the enzyme's resistance to H202 may be a protective adaptation to its own action.
Other instances of SOD activity in association with chloroplasts have been reported. Soluble cyanide-sensitive SOD are associated with the chloroplasts of spinach (2, 12, 16) , Brassica campestris (21), green pea, and sorghum (10) . All appear to be distinct from SOD localized in the cytosol. In some cases, it appears that a specific isozyme is localized within the chloroplast (10, 12) . The present case, however, is the first instance of a specific, genetically defined, SOD isozyme associated with chloroplasts.
The purification of this isozyme is an initial step towards an understanding of the process whereby SOD-l is selectively compartmentalized into the chloroplast, instead of the other cuprozinc isozymes, SOD-2 and SOD-4. Also, it is the first step towards understanding the evolutionary relationship between SOD-l and the other cyanide-sensitive isozymes of maize. Finally, it is now possible to obtain monospecific antibodies against the pure protein which can be utilized in future studies concerning subcellular compartmentation and developmental expression of this isozyme.
